Asparagus bean (Vigna. unguiculata ssp. sesquipedialis), known for its very long and 37 tender green pods, is an important vegetable crop broadly grown in the developing 38 countries. Despite its agricultural and economic values, asparagus bean does not have 39 a high-quality genome assembly for breeding novel agronomic traits. In this study, we 40 reported a high-quality 632.8 Mb assembly of asparagus bean based on the whole 41 genome shotgun sequencing strategy. We also generated a high-density linkage map 42 for asparagus bean, which helped anchor 94.42% of the scaffolds into 11 43 pseudo-chromosomes. A total of 42,609 protein-coding genes and 3,579 44 non-protein-coding genes were predicted from the assembly. Taken together, these 45 genomic resources of asparagus bean will facilitate the investigation of economically 46 valuable traits in a variety of legume species, so that the cultivation of these plants 47
would help combat the protein and energy malnutrition in the developing world. 48
49
Background & Summary 50
Asparagus bean (Vigna unguiculata ssp. sesquipedialis, 2n = 2× =22) is a 51 warm-season and drought-tolerant subspecies of cowpea (Vigna unguiculata) with a 52 wide cultivation area in East and Southeast Asia 1 . This plant is also known as 53 yardlong bean because of its characteristic pod that grows up to 50-100 cm in length 2 . 54
The long pod trait is believed to be the result of intensive local domestication after it 55 was brought to Asia from sub-Saharan Africa 3 . Unlike the grain-type subspecies 56 common cowpea (Vigna. unguiculata ssp. unguiculata, or black-eyed pea), asparagus 57 bean is harvested while its pod is still tender, thereby providing a very good source of 58 protein, minerals, vitamins, and dietary fiber 4 . Due to the low requirement for 59 cultivation management and its high nutritional value, asparagus bean is one of the 60 top crops that help combat malnutrition and food insecurity in most developing 61 countries 5 . 62 63 As the DNA sequencing technologies became more advanced and affordable for the 64 past decade, previous research had mainly focused on delineating the genome of 65 common cowpea (estimated genome size of 620 Mb 6 ). The first common cowpea 66 (variety IT97K-499-35) genomic resources included a partial 323 Mb whole-genome 67 shotgun assembly 7 , a 497 Mb bacterial artificial chromosome physical map 7 , and 68 consensus genetic maps based on either 10K 8 or 50K single nucleotide 69 polymorphisms (SNPs) 7 . A more recent research reported two survey genomes of 70 common cowpea (varieties IT97K-499-35 and IT86D-1010) with substantially 71 improved assembly sizes (568 Mb and 609 Mb, respectively) 9 . In addition, a draft 72 IT97K-499-35 variety reference genome was assembled by incorporating the single 73 molecule real-time technology, yielding an assembly size of 519.4 Mb into 722 74 scaffolds and 11 pseudo-chromosomes (http://phytozome.jgi.doe.gov/). In comparison, 75 the genetic resources for asparagus bean are lacking despite its agricultural and 76 economic importance. So far, only three genetics maps were derived from either 77 simple sequence repeat markers 10,11 or restriction-site associated DNA sequencing for 78 asparagus bean 12 . 79
80
In this study, we aimed to fill the knowledge gap with regard to the asparagus bean 81 genome and provide new genetic resources for breeding cowpea and related legume 82 species. A schematic workflow of the research was showcased in Fig. 1 . In brief, a 83 series of short-insert and large-insert Illumina libraries were sequenced on an Illumina 84 HiSeq 4000 platform, yielding a total of 222.9 Gb clean data (Table 1) . Since the 85 genome size of asparagus bean was estimated to be 652.4 Mb using the K-mer 86 distribution analysis (Fig. 2 We also obtained 536,824 high-confident SNPs from the whole-genome sequencing 92 data of 97 asparagus bean F2 individuals and two parents from a well-controlled 93 selfing population. These SNPs were used to construct a high-density genetic map for 94 asparagus bean, in which 1,556 scaffolds were successfully anchored onto 11 95 pseudo-chromosomes (Table 3) . Furthermore, the asparagus bean genome contained 96 294.95 Mb of transposable elements, accounting for 46.47% of the assembly (Table 4  97 and 5). The gene prediction was performed on a combination of de novo, homologous, 98 and RNA-Seq-based approaches. It resulted in 42,609 protein-coding genes and 3,579 99 non-protein-coding genes, respectively (Table 6) . 100
Methods 101

Materials
All plant accessions were provided by Hubei Natural Science Resource Center for 103
Edible Legumes in Wuhan of China. A single plant of the widely cultivated asparagus 104 bean variety 'Xiabao II' (Vigna unguiculata ssp. sesquipedialis var. 'Xiabao II') was 105 used for de novo sequencing and genome assembly. A F2 sequencing population was 106 obtained for making the genetic map according to the following procedure. First, the 107 The genome size of asparagus bean was estimated by the distribution of 17-mer depth 142 using the filtered short-insert (<1 kb) sequencing data. The peak depth of the 17-mer 143 distribution curve was 173, and the total K-mer count was 112,876,121,127. The 144 genome size was estimated to be 652.5Mb using the formula Genome_Size = 145 Kmer_num/Peak_depth (Fig. 2) . 146
De novo genome assembly 148
Clean data from short insert-size libraries were corrected with the Error Correction 149 program in SOAPdenovo package 13 . Genome assembly was performed based on the 150 de Bruijn graph algorithm using SOAPdenovo package 16 by the following steps: (1) 151 the paired-end reads of all libraries were used to construct the contig sequences while 152 the K-mer values were set as 95 and 85 at the pregraph step and map step, respectively; 153
(2) mapped paired reads were used to construct scaffolds; (3) The GapCloser package 154 was used to map reads to the flanking sequences of gaps and to close gaps between 155 the scaffolds; (4) genome sequence was randomly broken to re-scaffold with SSPACE 156 package. Gaps were then filled again by GapCloser to obtain the final assembly. In 157 the end, there were 54,864 out of 80,696 contigs with sizes longer than 1 kb. The total 158 length of the contig assembly was 549.81 Mb (Table 2 ). The longest scaffold was 159 14,145,393 bp, and a total of 5,621 scaffolds were longer than 1,000 bp. The total 160 length of the scaffold assembly was 632.8 Mb (Table 2) For the genetic map construction, 50 SNPs were selected to generate bin markers 177 from the two termini and middle part of each scaffold. These bin markers were 178 grouped into 11 linkage groups by JoinMap v4.1 19 with the regression mapping 179 algorithm. The grouped bins were then sorted and genetic distance was calculated by 180
MSTmap with the Kosambi model 20 . According to this linkage map, scaffolds were 181 anchored onto 11 pseudo-chromosomes. The SNPs were then assigned chromosome 182 positions and a sliding window method (window size of 50 SNPs; step size of one 183 SNP) was adopted to identify recombination events for each individual. All the 184 recombination sites were merged and sorted with 20 kb intervals 21 . In the end, the 185 filtered 536,824 SNPs were combined into 2,013 bins. These were used to construct 186 11 linkage maps, resulting in 2180.14 cM spanning the whole genome. In addition, 187 1,556 scaffolds with 597.52 Mb were anchored, accounting for 94.42% of the 188 assembled genome (Table 3) . were aligned to the asparagus bean genome using TopHat on default settings. Finally, 220 the predicted genes were merged by EvidenceModeler (EVM) 28 to generate a 221 consensus and non-redundant gene set. This process produced 42,609 protein-coding 222 genes with an average length of 3,156 bp (Table 6) . could not be functionally annotated with current databases (Table 7) . 233
234
The tRNA genes were identified by tRNAscan-SE software 33 with default parameters. 235
The rRNA genes were identified based on homology search to previously published 236 plant rRNA sequences using BLASTN with parameters of "E-value=1e -5 ". The 237 snRNA and miRNA genes were identified by INFERNAL v1.0 34 software against the 238 Rfam database with default parameters. In all, 3,579 non-protein-coding genes were 239 identified in the asparagus bean genome, including 1593 tRNAs, 1,076 rRNAs, 350 240 snRNAs, and 210 microRNAs (Table 8) . 241 242
Code Availability 243
All tools used in this study were properly cited in the sections above. Settings and 244 parameters were also clearly described. Completeness of the genome assembly was assessed with default settings using the 261
Benchmarking Universal Single-Copy Orthologs (BUSCO) 35 approach with a total of 262 1440 orthologue groups from the Embryophyta Dataset. The results showed that 93.2% 263 of the core orthologs could be found in the asparagus bean genome, indicating a 264 high-integrity assembly superior to the other four legume genomes. Furthermore, a 265 previously reported high-density linkage map 5 was used to assess the quality of 266 anchored scaffolds. The sequences of 7,964 SNPs markers were aligned onto the 11 267 pseudo chromosomes using BLAT with parameters of "-fine" 36 . High accordance 268 was shown between the assembled genome and the linkage map. We also aligned the 269 raw reads from short insert-size sequencing back to the assembly and showed that 270 approximately 94.88% of short reads could be successfully mapped. 271
272
Comparison of asparagus bean genome with published common cowpea genomes 273
A comparison was performed (Table 9) and Y.L. contributed to secure funding. L.P. and C.Y.C. provided the sequencing 300 samples and RNA-seq data. R.Z., Y.Z.W. and L.K. performed the sequencing. Q.J.X., 301 R.Z. and Y.G. performed genome assembly and annotation. Q.J.X., X.D. and Z.Z. 302
constructed the genetic map and anchored. Q.J.X., R.Z. and W. 
